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SEISMIC HAZARD ASSESSMENT AND DESIGN GROUND MOTION: LESSONS 
LEARNED FROM RECENT EARTHQUAKES 
 
Zhenming Wang     
Kentucky Geological Survey, University of Kentucky 






Recent earthquakes, the 2008 Wenchuan, 2009 L’Aquila, 2010 Haiti, and 2011 Christchurch and Japan in particular, have called 
attention to the probabilistic seismic hazard maps, particularly the ground motions with 10, 5, and 2 percent probabilities of 
exceedance in 50 years. As discussed in this paper, these ground motions are artifacts because they were produced from probabilistic 
seismic hazard analysis (PSHA). PSHA is a mathematical formulation derived from a rigorous probability analysis of the distribution 
of earthquake magnitudes, locations, and ground-motion attenuation. Some of the assumptions and distributions that PSHA is based 
on have been found to be invalid in earth science, however. In addition, PSHA contains a mathematical error, equating a 
dimensionless quantity (the annual probability of exceedance—exceedance probability in one year) to a dimensional quantity (the 
annual frequency of exceedance with the unit of per year [1/yr.]). Thus, PSHA is scientifically flawed, and the resulting seismic-
hazard and seismic-risk estimates are artifacts. Use of the probabilistic ground-motion maps could lead to either unsafe or overly 
conservative engineering design. On the other hand, recent earthquakes, the 2010 Chile and 2011 Japan in particular, also showed that 






Recent earthquakes, particularly the 2008 Wenchuan, China, 
2009 L’Aquila, Italy, 2010 Haiti and 2011 Japan have called 
attention to the probabilistic seismic hazard maps with 10 
percent probability of exceedance in 50 years (Geller, 2011; 
Stein and others, 2011, 2012; Kossobokov and Nekrasova, 
2012). As shown in Figure 1, the predicted intensity (i.e., VII) 
(Fig. 1a) was much less than the observed intensity (i.e., > IX) 
(Fig. 1b) in the Wenchuan epicentral area. In other words, the 
ground motion with 10 percent probability of exceedance in 
50 years (People’s Republic of China National Standard, 
2001) underpredicted ground-motion hazard in the Wenchuan 
area. Similarly, as shown in Figure 2, the 2011 Japan 
earthquake occurred in the northeastern region of Japan where 
relatively weak ground shaking was predicted on the 2010 
Japanese national seismic hazard map with 10 percent 
probability of exceedance in 50 years (Earthquake Research 
Committee, 2010). 
 
On the other hand, in the United States, the national seismic 
hazard maps with 2 percent probability of exceedance in 50 
years, produced by the U.S. Geological Survey from PSHA 
(Petersen and others, 2008), were used to develop the 
“NEHRP Recommended Provisions for Seismic Regulations 
for New Buildings and Other Structures” (BSSC, 2009). As 
shown in Figure 3, the ground motion with 2 percent 
probability of exceedance in 50 years in the New Madrid 
Seismic Zone is much higher than that in coastal California. 
This high ground-motion estimate has led to intense debate 
and discussion in the New Madrid region (Frankel, 2003, 
2004, 2005; Stein and others, 2003a, b; Wang, 2003, 2005; 
Wang and others, 2005; Stein, 2010; Wang and Cobb, in 
press). The debate and discussion have attracted national 
attention. The Advisory Committee on Earthquake Hazards 
Reduction convened a meeting on Nov. 9, 2010, in Memphis 
to address the concerns (ACEHR, 2011). Also, an independent 
expert panel, the Independent Expert Panel on New Madrid 
Seismic Zone Earthquake Hazards, was chartered by the 
National Earthquake Prediction Evaluation Council to review 
the current high earthquake hazard assigned to the New 
Madrid Seismic Zone by the U.S. Geological Survey 
(IEPNMSZEH, 2011). 
 
The ground motions with 10, 5, and 2 percent probabilities of 
exceedance in 50 years have been considered as the base for 
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engineering design and other applications throughout the 
world. As shown by recent earthquakes, however, the use of 
these ground motions for engineering design and other 
considerations is problematic. Thus, it is critical to review and 





Figure 1. Comparison between the design intensity with 10 
percent probability of exceedance in 50 years (a) and the 






Figure 2. The Japanese national seismic hazard map with 10 
percent probability of exceedance in 50 years (Earthquake 




SEISMIC HAZARD VERSUS SEISMIC RISK 
 
In order to better understand the ground motions with 10, 5, 
and 2 percent probability of exceedance, two important 
concepts, seismic hazard and risk, must be discussed first. 
Seismic hazard and risk are two of the most commonly used 
terms in engineering design and other considerations. 
Although the two terms have often been used interchangeably, 
they are fundamentally different (Reiter, 1990; McGuire, 
2004; Wang, 2009, 2011). Seismic hazard refers to “the 
potential for dangerous, earthquake-related natural phenomena 
such as ground shaking, fault rupture, or soil liquefaction” 
(Reiter, 1990, p. 3) or “a property of an earthquake that can 
cause damage and loss” (McGuire, 2004, p. 7). Seismic risk 
refers to “the probability of occurrence of these consequences 
(i.e., adverse consequences to society such as the destruction 
of buildings or the loss of life that could result from seismic 
hazards)” (Reiter, 1990, p. 3) or “the probability that some 
humans will incur loss or that their built environment will be 
damaged” (McGuire, 2004, p. 8). In other words, seismic 
hazard describes the natural phenomenon or property of an 
earthquake, whereas seismic risk describes the probability of 
loss or damage that could be caused by a seismic hazard 
(Wang, 2009, 2011). 
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Figure 3. Ground motions of 0.2-second spectral response 
acceleration (5 percent of critical damping) with 2 percent 
probability of exceedance in 50 years, site class B, for coastal 
California (a) and New Madrid Seismic Zone (b) (Petersen 
and others, 2008). 
 
 
The conceptual difference between seismic hazard and risk is 
illustrated in Figure 4, which shows that the Wenchuan 
earthquake and its aftershocks triggered massive landslides 
and rockfalls (seismic hazards). The driver and pedestrians 
shown in Figure 4, who were vulnerable to the seismic 
hazards, were taking a risk, the probability of an adverse 
consequence: being struck by a rockfall. This example 
demonstrates that seismic risk is a probable outcome (or 
consequence) from interaction between a seismic hazard and 
exposure (pedestrians, car, and driver who are vulnerable to 
the seismic hazard). Therefore, in general, seismic risk can be 
expressed qualitatively as 
 
Seismic Risk = Seismic Hazard Θ Exposure.          (1) 
 
As shown in equation (1), high seismic hazard does not 
necessary mean high seismic risk, and vice versa. There is no 
risk (i.e., no probability that the car or pedestrians could be hit 
by a rockfall) if the driver decides not to drive or pedestrians 
decide not to go through the road section (i.e., no exposure). 
This example also demonstrates that engineering design or a 
policy for seismic-hazard mitigation may differ from one for 
seismic-risk reduction. Here, the seismic hazard (rockfall) may 
or may not be mitigated, but the seismic risk can always be 
reduced by either mitigating the seismic hazard (i.e., building 
barriers and other measures), reducing the exposure (i.e., 
limiting traffic or pedestrians), or both. Therefore, it is 
important for engineers and decision-makers to clearly 
understand seismic hazard and risk. For society, seismic risk is 
more important than seismic hazard in formulating mitigation 
policy. 
 
Figure 4. Comparison of seismic hazard and risk. Seismic 
hazard: earthquake-triggered rockfall. Exposure: car and its 
driver, and pedestrians. Consequence: struck by a rockfall. 
Seismic risk: the probability of being struck by a rockfall 




Quantitative estimations of seismic hazard and risk are needed 
for engineering design and other considerations. Seismic 
hazard can be estimated in a similar way as other natural 
hazards such as flood and wind. Figure 5 shows the flood 
hazard curve for lock 4 of the Kentucky River near Frankfort, 
Kentucky (Wang and Ormsbee, 2005). As shown in Figure 5, 
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the mean peak discharge of about 3,100 m
3
/s was calculated 
for the 100-year-flood (fe=0.01 1/yr) at lock 4. To account for 
the uncertainty in the discharge measurements, peak 
discharges with 5 percent and 95 percent confidence levels can 
also be estimated (Gupta, 1989). For example, the peak 
discharges with 5 percent and 95 percent confidence levels are 
estimated to be about 2,800 and 3,500 m
3
/s for the 100-year-
flood at lock 4, respectively. Thus, seismic hazard can be 
quantified by three parameters: level of severity (physical 
measurement), spatial measurement (where), and temporal 
measurement (when or how often), as well as associated 
uncertainties, and estimated from instrumental, historical, and 
geological observations. Seismic-hazard estimation will be 
discussed in detail in the next chapter. 
 
 
Figure 5. Flood-frequency curve for the Kentucky River at 
lock 4. Diamonds—observed values; solid line—mean peak 
discharge; long dashed line—peak discharge with 5 percent 
confidence; short dashed line—peak discharge with 95 
percent confidence (Wang and Ormsbee, 2005). 
 
 
Seismic-risk estimation is complicated and somewhat 
subjective because it depends on the desired measurement of 
consequence (i.e., outcome of physical interaction between the 
seismic hazard and exposure) and how the hazard and 
exposure interact in time and space. The hazard and exposure 
could interact at a specific site or over an area: so-called site-
specific risk or aggregate risk (Malhotra, 2008). In general, 
seismic risk is quantified by four parameters: probability, level 
of severity, and spatial and temporal measurements (Wang, 
2009, 2011). For example, the Working Group on California 
Earthquake Probabilities (2003) estimated that “there is a 62 
percent probability of a major, damaging earthquake (M6.7 or 
greater) striking the greater San Francisco Bay Region 
(SFBR) over the next 30 years (2002–2031).” The October 17, 
1989, Loma Prieta earthquake (M6.9) caused 62 deaths, about 
4,000 injuries, and $10 billion in direct losses in the San 
Francisco Bay region. Thus, the risk, in terms of earthquake 
magnitude of M6.7 or greater, could also be expressed as a 62 
percent probability of 60 or more deaths, 4,000 or more 
injuries, or $10 billion or more in direct losses in the region 
over the next 30 years. These risk estimates are for an area 
(i.e., San Francisco Bay) from all sources. For an individual 
site or source, risk estimate could be different. The working 
group (2003) estimated the risk in terms of modified Mercalli 
intensity; for example, the MMI shaking level at a given site 
with a 50 percent chance of being exceeded in 30 years. The 
working group (2003) estimated that in Oakland, Calif., there 
is an 11 percent probability of an earthquake of M6.7 or 
greater occurring on the southern Hayward Fault over the next 
30 years. They showed that seismic risk estimate is very 
complicated and can be expressed in many different ways for 
different users. 
 
In order to estimate seismic risk, a model has to be assumed or 
introduced to describe how the hazard and exposure interact in 
time. For example, several models (Poisson, Empirical, 
Brownian Passage Time, and Time-Predictable) have been 
used to describe earthquake occurrence in time and to estimate 
seismic risk. The most commonly used model in engineering 
risk estimation is the Poisson model (Cornell, 1968; Milne and 
Davenport, 1969). If earthquake occurrence in time follows a 
Poisson distribution, then seismic risk, expressed in terms of a 
probability of ground motion exceeding a specified level at 
least once during a given exposure time t for a given exposure, 






1        (dimensionless),        (2) 
 
where τ is the average recurrence interval (i.e., return period) 
of ground motion exceeding the specified level y. Equation (2) 
describes a quantitative relationship between seismic hazard 
(i.e., ground motion exceeding a specified level y with an 
average recurrence interval τ) and seismic risk (i.e., a 
probability P that the ground motion could be exceeded during 
the exposure time t), assuming that earthquake occurrence in 
time follows a Poisson distribution. The seismic risk estimate 
will be different if earthquake occurrence follows another 
distribution. 
 
For small t/τ («1.0), equation (2) can be approximated by the 










    (dimensionless).    (3) 
Equations (2) or (3) describe a quantitative relationship 
between seismic hazard, in terms of a ground motion y with an 
average recurrence interval (i.e., return period) τ or frequency 
(or rate) of 1/τ, and seismic risk, in terms of the probability 
that the ground motion with a certain level or greater could 
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occur at the exposure site over its life t. Equations (2) or (3) 
are widely used for risk calculation in earthquake engineering 
(Cornell, 1968; Milne and Davenport, 1969; McGuire, 2004; 
Luco and others, 2007), hydraulic engineering (Gupta, 1989), 
and wind engineering (Sachs, 1978). 
Equations (2) and (3) are derived from the interactions 
between hazard and exposure in time at a site only, without 
consideration of physical interactions. In other words, the 
equations can only determine the probability that an exposure 
could experience a certain level of hazard, without 
consideration of its vulnerability (i.e., ability to withstand the 
effects of a seismic hazard) or the related level of damage or 
economic loss. The physical interaction between seismic 
hazard and exposure is complicated and can be determined 
from a fragility analysis. For example, for certain buildings, 
there is a relationship between ground motion and damage 
level, expressed as a fragility curve (Kircher and others, 
1997). The damage level can also be related to a level of 
economic loss or fatality. Thus, seismic risk, in terms of the 
probability PD that a level of damage to the exposure could be 




















,             (4) 
where PV is the exposure’s vulnerability to damage (i.e., 
probability of damage versus the level of ground motion y). As 
shown in equation (4), reducing vulnerability PV through 
strengthening the built environment will reduce risk. This also 
demonstrates that better engineering design for buildings and 
other structures is an effective way to reduce seismic risk. 
Equations (2) or (3) are commonly used in engineering 
analyses to calculate the average return period or frequency 
corresponding to a probability of exceedance in a certain 
number of years, such as 1, 10, 30, or 50. For example, a 10 
percent probability of exceedance in 50 years results in an 
average return period of about 475 years from equation (2), 
and an average return period of about 500 years from equation 
(3). A 2 percent probability of exceedance in 50 years results 
in an average return period of about 2,475 years from equation 
(2) and an average return period of about 2,500 years from 
equation (3). A 50 percent probability of exceedance in 50 
years results in an average return period of about 72 years 
from equation (2) and an average return period of about 100 
years from equation (3). In hydraulic engineering, the 
probability that the 100-year-flood occurs at least once in one 
year is 1 percent from equation (3). Thus, at the lock 4 site, the 
risk, in terms of the probability that mean flow rate of 3,100 
m
3
/s is exceeded in one year, is 1 percent. 
 
 
SEISMIC HAZARD ASSESSMENT 
 
The aim of a seismic hazard assessment is to determine three 
parameters: level of severity (physical measurement), spatial, 
and temporal measurement from instrumental, historical, and 
geologic observations. Many types of hazards could be caused 
by an earthquake (fault rupture), and they can be separated 
into two categories: primary and secondary hazards. Primary 
hazards are surface rupture and ground motion that are caused 
directly by a fault rupture. Strong ground motion could trigger 
a secondary hazard, such as ground-motion amplification, 
liquefaction, or a landslide under certain site conditions at a 
specific site. As shown in Figure 4, the ground motions from 
the main shock and aftershocks of the Wenchuan earthquake 
(M7.9) triggered rockfalls along the road section. Ground-
motion hazard normally affects large areas, whereas surface 
rupture is limited during an earthquake. Thus, ground-motion 
hazard is the main focus of a seismic-hazard assessment. For 
example, the U.S. national seismic hazard maps (Frankel and 
others, 1996, 2002; Petersen and others, 2008) depict ground-
motion hazards on rock. Secondary seismic hazards can be 
assessed if ground motion (input) and site conditions are 
known (Street and others, 2001; Wang, 2008). Secondary 
hazard assessment is often conducted alone or in combination 
with assessment of the primary ground-motion hazard at a 
local level. This effort is also referred to as microzonation 
(Wang, 2008). This paper focuses on primary ground-motion 
hazard assessment. 
Two approaches for seismic hazard assessment were 
developed in the 1970’s with the aim of deriving a hazard 
curve in terms of ground motion or intensity versus mean 
occurrence frequency or return period. One approach, by 
Cornell (1968), was theoretical, and the other, by Milne and 
Davenport (1969), was empirical. 
Probabilistic Seismic Hazard Analysis 
In his landmark paper, “Engineering Seismic Risk Analysis,” 
Cornell (1968) developed a theoretical (mathematical) 
formulation, the so-called probabilistic seismic-hazard 
analysis (PSHA), from a rigorous probability analysis of the 
distribution of earthquake magnitudes, locations, and ground-
motion attenuation. A FORTRAN computer program for 
implementing the formulation was written by McGuire in 
1976. Thus, PSHA is also referred to as Cornell-McGuire 
PSHA. Although PSHA has been reviewed and changed 
greatly since it was introduced, the problems associated with it 
have also been debated and discussed continually, even among 
PSHA practitioners. This can be seen in the case of the Yucca 
Mountain project, the most comprehensive PSHA study ever 
conducted in the United States, which derived an extremely 
high ground motion for seismic design consideration for 
nuclear-waste repository facilities: 11g PGA (Stepp and 
others, 2001; Hanks, 2011). This extreme ground-motion 
estimate caused intense discussion and debate, even among the 
top PSHA practitioners (Abrahamson and Bommer, 2005; 
McGuire and others, 2005; Musson, 2005). 
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Although PSHA has evolved greatly and become a very 
sophisticated computer model, McGuire (2008) pointed out 
that it still depends, at its core, on the early formulation by 
Cornell (1968). Thus, examining the basic formulation of 
PSHA developed by Cornell in 1968 is essential. Under three 
fundamental assumptions—(1) equal likelihood of earthquake 
occurrence (single point) along a line or over an areal source, 
(2) constant-in-time average occurrence rate of earthquakes, 
and (3) Poisson (or “memory-less”) behavior of earthquake 
occurrences in time—Cornell (1968) applied equation (2) to 
estimate the risk in terms of the probability of exceedance for 
a given intensity i at a site over an interval of time t from a 







  (dimensionless), (5) 
where v is the average occurrence rate (per year) of events 
(earthquakes) and P[I ≥ i] is the probability that intensity I 
exceeds the given i. For t=one year, the annual probability of 






eiF   (dimensionless). (6) 
For a small probability (say, < 0.05) (Cornell, 1968), equation 





 .       (7) 
Similarly, for a given ground motion y, Cornell (1968) 






      (dimensionless).   (8) 
For a given ground motion y at a site from all seismic sources, 






   (dimensionless).  (9) 
In other words, “the basic formulation of PSHA was 
generalized in the 1970s using the ‘total probability theorem’” 












           
(dimensionless),   (10) 
where P[Y y |M,R] is the conditional exceedance probability 
and fM,R(m,r) is the probability density function (PDF). 
Thus, as defined by Cornell (1968), the annual probability of 
exceedance is the probability of exceedance in one year and a 
dimensionless quantity because the unit of the average 
occurrence rate v (per year) has been cancelled out by t=one 
year (annual), which was not explicitly written on the right 
sides of equations (6) through (10). The basic formulation of 
PSHA, equation (10), is valid only under three preconditions: 
(1) Earthquake occurrence in time follows a Poisson 
distribution, 
(2) Small probability of occurrence (say, < 0.05), 
(3) t=one year (annual). 
Cornell (1968) defined the reciprocal of the annual probability 














    (dimensionless).  (11) 
Cornell (1968) also defined the average return period for a 













    (dimensionless),  (12) 

















              (dimensionless).   (13) 
Therefore, as defined by Cornell (1968), the return period is 
also a dimensionless quantity because the reciprocal of a 
dimensionless quantity is still dimensionless. For example, the 
reciprocal of 1 percent (0.01) is 100, which means that the 
chance is 1 in 100. Thus, as formulated by Cornell (1968), 
PSHA determines a relationship between ground motion and 
probability of exceedance in one year (the annual probability 
of exceedance) at a site. In other words, Cornell (1968) 
introduced a method for “the evaluation of the seismic risk at 
the site of an engineering project” in terms of “a ground 
motion parameter (such as peak acceleration) versus average 
return period” or its reciprocal (i.e., the annual probability of 
exceedance). However, Cornell (1968) erroneously interpreted 
and used the average return period as a dimensional quantity 
with the unit of time in years. This error resulted from 
neglecting the precondition of t=one year (annual) for the 
formulation of equations (6) through (13). This mathematical 
error made the annual probability of exceedance become “the 
frequency (the number of events per unit of time) with which a 
seismic hazard will occur” (McGuire, 2004, p. 7), and its 
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reciprocal (the return period) become “the mean (average) 
time between occurrences of a seismic hazard” (McGuire, 
2004, p. 8). In other words, this mathematical error led to 
“Engineering Seismic Risk Analysis,” with the result of a 
probability that a ground motion exceeds a given level in one 
year at a site became probabilistic seismic hazard analysis, 
with the result of a frequency (per year) or an average 
recurrence time in years that a ground motion will occur at a 
site. Thus, a dimensionless quantity (i.e., a probability) has 
been equated with a dimensional quantity with the unit of per 
year (i.e., a frequency or rate) in PSHA. 
 
Recent studies have also found that PSHA has other inherent 
problems (Anderson and Brune, 1999; Wang and others, 2003, 
2005; Wang, 2007, 2011, 2012; Wang and Zhou, 2007). For 
example, PSHA is developed from the assumption that 
earthquake occurrence in time follows a Poisson distribution. 
But earthquake occurrence, for large earthquakes in particular, 
does not follow a Poisson distribution. Also, PSHA is based 
on a single point-source model for earthquakes (Cornell, 
1968), which is not valid for large earthquakes that are of 
safety concern. A large earthquake is now considered a 
complex finite fault rupture in modern seismology. Therefore, 
PSHA has become a mathematical (computer) model without 
an earth-science basis, and PSHA analysts have had to become 
experts in probability theory, instead of in earth science, in 
order to do better than “a monkey hitting keys on a typewriter” 
(Scherbaum and Kuehn, 2011, 2012). 
 
Thus, the outputs from a PSHA are artifacts. 
 
Empirical Seismic Hazard Analysis 
 
Milne and Davenport (1969) derived a relationship between 
the annual frequency of exceedance f and peak ground 
acceleration A at a site from historical observations, modeled 
after flood-hazard analysis: 
 
)(log)(log 1010 Abaf  ,                 (14) 
 
where a and b are constant. Milne and Davenport (1969) also 
derived a relationship between modified Mercalli intensity 
(MMI) I and peak ground acceleration A: 
 
IdcA )(log10 ,                      (15) 
where c and d are constant. Thus, from equations (14) and 
(15), we have  
 
Ihgf )(log10 ,                      (16) 
 
where g=(a–bc) and h=bd. Equations (14) and (16) are the 
empirical relationships between the annual frequency of 
exceedance and peak ground acceleration or MMI. Bozkurt 
and others (2007) and Xie and others (2011) developed the 
empirical relationships from historical intensity records from 
the Tokyo and Beijing areas. Figure 6 shows a seismic hazard 
curve in terms of annual frequency of exceedance versus 
Chinese intensity for Beijing (Xie and others, 2011). As 
shown in Figure 7, the annual frequency for intensity 
exceeding about 7 is 0.01 (1/yr.); for intensity 8 is 0.004 
(1/yr.); and for intensity about 9 is 0.002 (1/yr.) in Beijing. In 
other words, the return period in Beijing for intensity 7 is 
about 100 years; for intensity 8, 250 years; and for intensity 9, 
500 years. From equation (2), the probabilities that intensity 
exceeds 7, 8, and 9 in 50 years in Beijing are 39, 18, and 10 
percent, respectively. This means that Beijing is facing 
significant seismic risk. 
 
 
Figure 6. Mean intensity hazard curve for Beijing derived 
from historical intensity observations (Xie and others, 2011). 
 
Empirical seismic hazard analysis requires a certain intensity 
or ground-motion observations at a site. As shown by Milne 
and Davenport (1969), most sites across Canada, even major 
cities such as Toronto and Vancouver, have very limited 
observations available. Thus, empirical seismic hazard 
analysis is difficult to apply to areas that have a very short 
period of observations, North America in particular. For areas 
such as North America, deterministic seismic hazard analysis 
(DSHA) would be a better approach for seismic hazard 
assessment. 
 
Deterministic Seismic Hazard Analysis 
DSHA develops a particular scenario earthquake (e.g., 
maximum credible earthquake or maximum considered 
earthquake) upon which a ground-motion hazard evaluation is 
based. The scenario consists of the postulated occurrence of an 
earthquake of a specified size at a specified location (Reiter, 
1990; Krinitzsky, 1995, 2002). For example, the ground 
motion specified for bridge design in California is partly 
determined by the deterministic ground motion from the 
maximum credible earthquake (Mualchin, 2011). The ground 
motion for building seismic design in coastal California is 
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capped by a deterministic ground motion close to major fault 
sources (Building Seismic Safety Council, 1998, 2009). 
DSHA has also been widely used in the New Madrid region 
for a variety of purposes. Street and others (1996) and Wang 
and others (2007) used DSHA to develop ground-motion 
hazard maps for bridge and highway seismic design in 
Kentucky. 
DSHA determines the ground motion from a single or several 
scenario earthquakes that have maximum impact. It addresses 
the ground motion from individual earthquakes (i.e., 
maximum magnitude, maximum probable or maximum 
credible). Seismic hazard derived from DSHA has a clear 
physical and statistical meaning. Recent efforts in DSHA have 
focused on computer simulation for ground-motion hazard 
quantification (Wang and others, 2007; Irikura and Miyake, 
2011; Zuccolo and others, 2011; Wang and others, in press). 
DSHA has several advantages: (1) Ground motion derived has 
an easily understood physical and statistical meaning, (2) The 
results are easily understood by earth scientists, engineers, and 
others, and (3) It utilizes ground-motion simulation. 
The biggest criticism of DSHA is that it “does not take into 
account the inherent uncertainty in seismic hazard estimation” 
(Reiter, 1990, p. 225), but actually, DSHA does account for all 
the inherent uncertainty explicitly for each scenario 
earthquake. For example, the maximum credible earthquake 
ground motion is usually defined as a mean + one standard 
deviation (i.e., 84th percentile) in the scatter of recorded 
earthquake ground motions (Krinitzsky, 1995, 2002; BSSC, 
2009). Another perceived weakness of DSHA is that 
“frequency of occurrence is not explicitly taken into account” 
(Reiter, 1990, p. 225). The temporal characteristic of 
earthquakes (i.e., recurrence interval or frequency and its 
associated uncertainty) is not addressed in traditional DSHA. 
The temporal characteristics of earthquakes and resulting 
ground motions at a site are integral to seismic hazard and 
must be considered in engineering design and other policy 
considerations. As pointed out by Wang and others (2004), a 
scenario earthquake can always be associated with a 
recurrence interval and its uncertainty. For example, the 
average recurrence interval of the New Madrid scenario 
earthquake is about 500 to 1,000 years (Petersen and others, 
2008). This recurrence interval can be used to estimate seismic 
risk with equations (2) or (3). Thus, DSHA also accounts for 




Development of ground motion for engineering design and 
analysis, such as seismic provisions in building codes, is a 
complex process. For example, the “NEHRP Recommended 
Provisions for Seismic Regulations for New Buildings and 
Other Structures,” developed by the Building Seismic Safety 
Council (2009), became a national standard widely used by 
federal, state, and local governments as well as 
nongovernment organizations. As shown in Figure 7, the 
process for developing the NEHRP provisions started with the 
national seismic hazard maps (Petersen and others, 2008). A 
group of engineers, seismologists, and others, using the maps 
and engineering science, developed design ground motions for 
seismic regulations for new buildings and other structures 
(BSSC, 2009). The design ground motions were endorsed by 
the Federal Emergency Management Agency and thus became 
federal policy, with associated regulations, for seismic safety 
in the United States. The design ground motions were also 
adopted by many state and local governments, as well as 
nongovernment organizations such as the International 
Building Code Council and the American Society of Civil 
Engineers, resulting in the International Building Code (2000) 
and ASCE/SEI 7-10 (2010). 
 
Figure 7. Development of design ground motion for the 
NEHRP recommended provisions. 
 
The national seismic hazard maps were produced from PSHA 
with an input database that reflects the current scientific 
understanding of earthquakes (Frankel and others, 1996, 2002; 
Petersen and others, 2008). Figure 8 shows the 0.2s response 
acceleration hazard curves for Memphis, New Madrid, and 
San Francisco from the 2008 national hazard mapping 
(Petersen and others, 2008). These curves provide a range of 
ground motion, from 0.001 to 5.0g 0.2s pseudo-response 
accelerations, versus a range of annual frequencies of 
exceedance, from 1.0 to 0.00001 (1/yr.). Three points on the 
curves corresponding to annual frequencies of exceedance of 
0.002, 0.001, and 0.0004 (1/yr.) were picked to produce the 
national seismic hazard maps (Petersen and others, 2008). As 
shown in Figure 8, the New Madrid region has a higher 
ground-motion hazard than San Francisco at the annual 
frequency of exceedance of 0.0001 (1/yr.) or less, according to 
the national seismic hazard maps. The reciprocals of the 
annual frequencies of exceedance of 0.002, 0.001, and 0.0004 
(1/yr.), the return periods of 500, 1,000, and 2,500 years, were 
used to calculate seismic risk in terms of probabilities of 
exceedance of 10, 5, and 2 percent for buildings with an 
 Paper No. 4.23a              9 
average life of 50 years (Frankel and others, 1996, 2002; 
BSSC, 1998, 2009; Frankel, 2004, 2005; Petersen and others, 
2008). The hazard curves have also been used to calculate 
mean annual frequency of building collapse and building 
collapse probability over a life of 50 years (McGuire, 2004; 
Luco and others, 2007; BSSC, 2009). 
 
Figure 8. The 0.2s response acceleration hazard curves for 
Memphis (N35.15°/W90.05°),New Madrid (N36.25°/W89.50°), 
and San Francisco (N37.80°/W122.40°) from the 2008 
national seismic hazard maps (Petersen and others, 2008). 
 
As discussed earlier, PSHA determines the annual probability 
of exceedance for a given ground motion at a site. It is 
mathematically incorrect to interpret or use the annual 
probability of exceedance as the annual frequency or rate of 
exceedance. It is also mathematically incorrect to interpret or 
use the reciprocal of the annual probability of exceedance as 
the average time between occurrences of a given ground 
motion. Thus, the national seismic hazard maps have not been 
understood and used correctly. Even though the input database 
is scientifically sound, the hazard curves and maps from the 
national seismic hazard mapping project (Frankel, 1996, 2002; 
Petersen and others, 2008) are artifacts of a flawed process 
because they are produced from PSHA, which is scientifically 
flawed. The resulting hazard and risk estimates are all 
artifacts. Therefore, the application of the national seismic 
hazard maps for seismic provisions of building codes, 
insurance rate structures, risk assessments, and other public 
policy is problematic. 
Although the national seismic hazard maps have been used in 
engineering design and analysis, particularly in the NEHRP 
provisions, the design ground motions for coastal California 
are the deterministic ground motions from the maximum 
considered or credible earthquakes (BSSC, 1998, 2009). It is 
DSHA, not PSHA, that has been used to derive the design 
ground motions for building codes and other regulations in 
coastal California. In other words, the California experience 
showed that PSHA is not aplicable for deriving ground 
motions for engineering design and analysis. Thus, the ground 
motions produced from PSHA, the national seismic hazard 
maps in particular, are not appropriate for development of 
design ground motion for NEHRP provisions. 
Recent earthquakes demonstrated the significant problems 
associated with the use of PSHA for developing design ground 
motions. These can be seen in the 2008 Wenchuan, China, 
2009 L’Aquila, Italy, 2010 Haiti, and 2011 Christchurch, New 
Zealand, earthquakes, where the design ground motions were 
the ones with 10 percent probability of exceedance in 50 years 
derived from PSHA. On the other hand, there were no 
significant problems associated with the use of DSHA for 
developing design ground motions. The design ground 
motions for the 2010 Chile and 2011 Japan earthquakes were 
deterministic. As shown in Figure 9, the design ground 
motions are not the probabilistic ground motions (Fig. 2) in 
Japan (Kuramoto, 2006). This might explain why there was no 
significant building damage during the 2011 Japan earthquake. 
 




PSHA is a mathematical model from a rigorous probability 
analysis of the statistical relationships of earthquake 
magnitudes, locations, and ground-motion attenuation. Studies 
have shown that the statistical relationships are not rigorous, 
not even valid. For example, the basic formulation of PSHA, 
equation (10), assumes that earthquake occurrence in time 
follows a Poisson distribution. But earthquake occurrence, for 
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large earthquakes in particular, does not follow a Poisson 
distribution. In addition, a dimensionless quantity (i.e., annual 
probability of exceedance) has been equated to a dimensional 
quantity with the unit of per year (i.e., annual frequency or 
rate of exceedance) in PSHA. Therefore, PSHA is a 
mathematical (computer) model without an earth-science 
basis. The outputs from a PSHA are artifacts of a flawed 
procedure and should not be used for engineering design and 
analysis. The intrinsic defects of PSHA resulted in serious 
problems in the development of ground motion for 
engineering design and analysis. These can be seen clearly in 
recent earthquakes. 
 
On the other hand, DSHA is a viable approach to provide 
ground-motion estimates. This can be demonstrated by the 
design ground motions in California, Chile, and Japan. 
Although seismic provisions in building codes have changed 
greatly, along with advances in science and engineering, the 
design ground motion for coastal California has not been 
changed: it is capped by the deterministic ground motion from 
the maximum considered or credible earthquakes. It is DSHA, 
not PSHA, that provides ground-motion estimates for 
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